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Cu NQR Measurement of Stripe Order Parameter in La 2 _ x Sr x Cu0 4 
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We demonstrate that one can measure the charge-stripe order parameter in the hole-doped CuC>2 
planes of Lai.87sBao.i25Cu04, Lai.4sNdo.4Sro.i2Cu04 and Lai.68Euo.2Sro.i2Cu04 utilizing the wipe- 
out effects of 63 Cu NQR. Application of the same approach to La2-xSr a; Cu04 reveals the presence 
of similar stripe order for the entire underdoped superconducting regime jg < x < | . 
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The mechanism of high T c superconductivity has been 
a major controversy throughout the past decade [0-||. 
The complexity of the phase diagram for temperature 
T and hole concentration x makes it difficult to iden- 
tify the key leading toward the superconducting mech- 
anism. In 1995, Tranquada et al. 0-pfl demonstrated 
that Lai.6-xNdo.4Sr a; Cu04 (x ~ |) exhibits charge- 
stripe order at T c h arge — 65 K, followed by a spin- 
stripe order at somewhat lower temperature, T sp i n = 50 
K. The discovery of the stripe phase J7| has added a 
new feature to the already complex phase diagram. Ini- 
tially, some researchers speculated that the stripe order 
was merely a byproduct of the LTO-LTT (low temper- 
ature orthorhombic-low temperature tetragonal) struc- 
tural phase transition and was extrinsic to the fun- 
damental physics of high T c superconductivity. How- 
ever, more recently, spin-stripe order was observed in 
La 2 _ 2; Sr :E Cu0 4 (x = 0.12 |,§ and x = 0.05 fuj) and 
La 2 Cu0 4+ 5 [jn), two materials without a LTO-LTT 
structural phase transition. This suggests that the low 
energy (i.e. dynamic) incommensurate spin excitations 
previously observed for La2- a; Sr a ;Cu04 over the entire su- 
perconducting regime 0.05 < x < 0.25 |12|-[14[ may corre- 
spond to the dynamic formation of stripes. Furthermore, 
recent inelastic neutron scattering experiments have es- 
tablished similar incommensurability of spin excitations 
also in underdoped YBa 2 Cu306.6 |@- These develop- 
ments raise new hope that understanding the mechanism 
of stripe instability and its dependence on T and x is the 
key to establishing a unified picture of the hole-doped 
Cu0 2 planes §-§. 

Unfortunately, stripe order has proved elusive, escap- 
ing experimental detection by various techniques. For 
example, 63 Cu nuclear spin-lattice relaxation rate 63 1/Ti 
||16| , [l7| measured for another striped material with the 
LTT structure, Lai.88Bao.i2Cu04 |lq] , exhibits no criti- 
cal divergence at the stripe transition. The origin of the 
elusiveness is in the glassy nature of the stripe transi- 
tion [p| Jlq Jl9(] . In other words, the critical slowing down 
of spin-stripe fluctuations below T c ^ Qrge is more gradual 
than ordinary magnetic phase transitions involving only 
the spin degrees of freedom. As a consequence, the ap- 
parent critical temperature T sp i n of the spin-stripe order 



is lower for experimental probes with slower frequency 
scales, i.e. Tspin— 50 K for elastic neutron scattering 
(~ 10 11 Hz) §-|, T spin = 30 K for M SR (~ 10 7 Hz) |§, 
and T spi „=10~30 K for NQR (Nuclear Quadrupole Res- 
onance, - 10 6 Hz) g|l|,0. 

In this Letter, we propose a new experimental ap- 
proach to investigate stripes that takes advantage of 
extreme sensitivity of 63 Cu NQR to local charge dis- 
tribution. We will demonstrate that one can ac- 
curately measure the charge-stripe order parameter 
in Lai.g75Bao.i25Cu04 and (La,Nd,Eu)i.8sSro.i2Cu04 
based on the wipeout effects @ of 63 Cu NQR. The ba- 
sic idea is quite simple. When charge-stripe order sets 
in at T c harge, rivers of hole-rich CuO chains separate 
three-leg CuO ladders without holes, resulting in spa- 
tial modulation of hole concentration between 0.5 and 
holes per Cu atom Q. This would produce as much 
as ^8 MHz 1 23 1 of instantaneous spatial variation of the 
63 Cu NQR frequency 63 ^q, which is proportional to the 
electric field gradient |24) at 63 Cu nuclei. This means 
that 63 ^q is no longer well defined below T c h arge in- 
side the slowly fluctuating striped domains. Moreover, 
charge order turns on low frequency spin fluctuations [pi , 
and consequently the 63 Cu nuclear spin-lattice and spin- 
spin relaxation rates 63 1/Ti and 63 1/T 2 , respectively, di- 
verge in the striped domains. All of these effects should 
wipeout 63 Cu NQR signals within stripe ordered do- 
mains even before the growth of static magnetic hyperfine 
fields changes the NQR frequency completely below 10 
K p0| , p!7[ . Therefore, we expect that the wipeout frac- 
tion F of 63 Cu NQR signals (i.e. the fraction of the 
lost signal intensity) is a good measure of stripe order. 
In fact, from comparison with elastic neutron scattering 
data in Lai.4sNdo.4Sro.i2Cu04 we demonstrate that the 
wipeout fraction F represents nothing but the order pa- 
rameter for charge-stripe. Applying the NQR approach 
to La2- a; Sr a ;Cu04, we demonstrate that a similar stripe 
instability exists over the entire underdoped supercon- 



ducting regime 



16 



< x < 



but disappears right above 



the critical hole-concentration x c = A . 

We grew all of the ceramic samples by standard solid 
state reactions |1^]. The Lai. 8 7 5 Ba .i25CuO4 sample was 
synthesized with 99% 63 Cu isotope enriched CuO. We 



conducted the 63,65 Cu NQR line shape measurements us- 
ing the 90-180 degree pulse sequence with a fixed sepa- 
ration time igo-iso; typically £go-i8o=10- 12 /isec. The 
63 Cu NQR intensity was estimated by integrating the 
Gaussian fit of the NQR line shape, with the overall 
magnitude corrected for the Boltzmann factor and for 
the spin echo decay time T^ measured at the NQR peak. 
The latter process is essential for accurate measurements 
of the wipeout fraction F because the spin echo decay 
changes dramatically at T charge- The 63 Cu NQR line 
shape is composed of the so-called A-line and B-line with 
the relative intensity of the latter proportional to x, in 
good agreement with earlier reports [|23| . Since high pre- 
cision measurements conducted for the 63 Cu isotope en- 
riched Lai.875Bao.i25CuC>4 showed identical temperature 
dependence of the NQR intensity for the A-line and the 
B-line between 10 K and 300 K, we will focus our at- 
tention on the behavior of the more intense A-linc. The 
63 Cu NQR intensity decreases dramatically below T c } large 
(i.e. the wipeout fraction F increases from zero to a fi- 
nite value), but the line width of the observable segments 
of the sample (HWHM = 0.8-1.8 MHz) showed only a 
mild increase (up to —35 %) with decreasing temperature 
with no dramatic change at T c h arge . 

In Fig. 1(a), we present the temperature depen- 
dence of the wipeout fraction F of the A-line 
in Lai.875Bao.i25Cu0 4 , Lai. 48 Ndo.4Sr .i2Cu04, and 
Lai.68Euo.2Sro.i2Cu04. Within our experimental un- 
certainties, F is zero between 300 K and 65 K (i.e. 
we detect NQR signals from the entire sample). How- 
ever, both 63 ^q and F begin to increase abruptly be- 
low T^arge = 65 K. 63 ^q increases —1 MHz between 
65 K and 10 K showing a similar temperature depen- 
dence as F |L7|, and almost the entire NQR signal dis- 
appears by 10 K. We recall that below 10 K, the en- 
tire 63 Cu resonance intensity reappears as Zeeman per- 
turbed NQR (NQR broadened by static magnetic hy- 
perfine field) between 20 and 80 MHz US Coin " 
cidence of T c harge = 65 K for all three materials with 
different LTO-LTT transition temperatures (§[L9) (-65 
K for Lai.875Bao.i25CuC>4 and Lai.4sNdo.4Sro.i2Cu04, 
and —130 K for Lai.68Euo.2Sro.i2Cu04) indicates that 
the LTO-LTT structural transition is not the primary 
origin of the observed anomaly at T c h arge . In fact, 
La2~ 2; Sr a ;Cu04 exhibits qualitatively the same temper- 
ature dependence of F without the LTO-LTT structural 
phase transition, as presented in Fig. 1(b). Accord- 
ingly, we must attribute the observed wipeout to elec- 
tronic effects, as discussed above in the third paragraph. 
In Fig. 1(a), we compare the wipeout fraction F with the 
charge- and spin-stripe order parameter determined by 
elastic neutron scattering experiments B . (We note that 
by definition the elastic neutron scattering intensity rep- 
resents the square of the order parameter.) The identical 
temperature dependence observed for NQR and neutron 
data for charge ordering allows us to identify the wipe- 



out fraction F as the charge-stripe order parameter. We 
note that none of the samples with wipeout effects ex- 
hibit divergence of 139 La nuclear spin-lattice relaxation 
rate 139 l/Ti at T charge H& Instead, 139 l/Ti exhibits 
gradual upturn below T c harge, showing a hump below 30 
K depending on the hole concentration |2^,[l7]]. This is 
evidence that Cu spin fluctuations do not slow down to 
NQR frequencies immediately at T c harge, in agreement 
with ^uSR @, ESR HI, and earlier NQR line shape 
measurements |2fl,El|. We also found that the temper- 
ature dependence of the charge-stripe order parameter 
F fits reasonably well to the weak coupling BCS theory 



with a gap A = 1.75k B T char 



115 ± 20 K as shown 



in Fig. 1 (a) . This is similar to the case of conventional 
CDW systems Pq| i an d suggests a collective nature of 
charge-stripe order. 

In Fig. 2 (a), we present representative results of spin 
echo decay observed for Lai.875Bao.i2sCu04. The results 
for Lai.48Ndo.4Sro.i2Cu04 and Lai.6sEuo.2Sro.i2Cu04 
were similar |l7|]. Spin echo decay exhibits a dramatic 
crossover at T c harge from the convolution of Gaussian- 
Lorentzian |27[ to Lorentzian with extremely short T2 — 
15 /zsec (<C T\ [[16],[L7|] ) , which gradually increases to 10 
K. The crossover suggests that above T charge both the 
Redfield T± process (Lorentzian) and the indirect nuclear 
spin-spin coupling between like spins |24J (Gaussian) con- 
tribute to the spin echo decay p7J, while below T c harge 
the spatial modulation of charge and 63 ^q reduces the 
number of like spins and eliminates the indirect coupling 
effects. The Lorentzian spin echo decay observed below 
Tcharge suggests that certain magnetic hyperfinc fields 
H n f at the Cu sites pj| modulate with a time scale r c 
satisfying 7 n i?^/r c <C 1 [ p4[ , where 7„ is the Cu nuclear 
gyromagnetic ratio. A plausible scenario is that charge- 
stripes fluctuate very slowly even below T c harge, resulting 
in modulation of H n f for the observable segments of the 
sample. We note that sliding motion of CDW is known to 
cause similar motional narrowing in conventional CDW 
systems (g9[. The present case is further complicated by 
the fact that charge order turns on slow spin dynamics 
H and by the fact that we are limited to observing a 
shrinking domain that has not yet ordered. 

We have demonstrated that stripe fluctuations wipe 
out the 63 Cu NQR signal, and the wipeout fraction F 
is a good measure of the charge-stripe order param- 
eter. Motivated by recent observation of spin-stripe 
order in Ij^CvlO^+s O], Lai.s8Sro.i 2 Cu04 ||||, and 
Lai.g 5 Sr .05CuO4 Q, we have searched for charge-stripe 
order in La 2 _xSr x Cu0 4 with ar=0.15, 0.135, 0.125, 0.115, 
0.09, 0.07, and 0.04. Utilizing the wipeout effects ac- 
companied by crossover to Lorentzian spin echo decay 
as criteria, we have constructed the phase diagram for 
charge-stripes. 

Near the optimum doping level with x — 0.15 (T c = 38 
K) and 0.135 (T c = 35 K), we observed robust Gaus- 
sian behavior as shown in Fig. 2b, similar to other 



high T c cuprates [E7| . Slight change in the form of non- 
Lorentzian spin echo decay near T c [ p0[ and existence 
of bulk superconductivity make estimation of NQR in- 
tensity somewhat tricky, but a very safe estimate of the 
upperbound of the wipeout fraction F is ~0.3. 

The sample with x = 0.125 (T c = 31 K) showed 
pure Lorentzian spin echo decay below T c h arge — 50 K 
(not shown, the spin echo decay in the striped phase of 
La2- K Sr :r Cu04 is semi-quantitatively the same as those 
shown in Fig. 2(a) [17|). This indicates that stripe fluctu- 
ations exist in the entire sample at 50 K. Approximately 
40% of the NQR signal disappears by the superconduct- 
ing transition T c . The sample with £=0.115 (T c = 31 K) 
also shows on-set of charge-stripe order at T c h arge = 50 
K, and the striped fraction F exhibits a plateau near 
T c , where elastic incommensurate magnetic scattering 
also sets in ||. The behavior of samples with smaller 
hole concentration, x = 0.09 (T c = 29 K, T c h arge = 70 
K) and 0.07 (T c = 19 K, T charge = 90 K), is qualita- 
tively similar to the case of (La,Nd,Eu)i.8sSr .i2CuO4 
and Lai.875Bao.i25CuC>4, but the stripe transition is con- 
siderably broader. The broad transition may indicate 
that the stripe is unstable for x < i. Unfortunately, we 
cannot determine the real space structure of the stripe 
J7| based on wipeout effects alone. The Meissner fraction 
in x = 0.125, 0.115, 0.09, and 0.07 @ is comparable to 
the observable NQR fraction, 1 — F, at T c for each sam- 
ple. Whether superconductivity coexists with stripe, or 
microscopic phase separation sets in at T c , is a matter of 
debate. However, it is certainly true that a canonical su- 
perconducting transition with a large specific heat jump 
at T c is realized only above x = 0.125 pl| . 

In contrast to the superconducting samples, the 
lightly hole-doped non-superconducting La1.9gSro.04 
CuC>4 showed a gradual decrease of the NQR intensity 
below 300 K. However, the spin echo decay always has 
a Gaussian component as shown in Fig. 2(b), and there 
is no evidence for stripe fluctuations. This is consistent 
with the neutron scattering result that spin response is 
commensurate below x = 0.05 without the signature of 
spin stripes |^,[l0|,[13| . Since dc resistivity for x = 0.04 
is large and shows a gradual upturn due to weak local- 
ization below 300 K |32[| , we attribute the gradual loss 
of the NQR signal to commensurate short-range spin or- 
der in the vicinity of randomly localized holes. In this 
context, it is worth recalling that even conventional di- 
lute Kondo alloys such as Cu:Fe exhibit similar gradual 
wipeout (F ~ L) above the Kondo temperature p3]. 

In Fig. 3 we summarize the critical temperature 
Tcharge and order parameter F as a function of a;. Clearly, 
the ground state of L^-zSr^CuO^ exhibits a sharp 
crossover at the critical hole concentration x c = | from 
the striped state to the superconducting state with low 
energy (^meV) stripe fluctuations p3-ff4]. The charge- 
ordering temperature T c h arge is consistently higher than 
the spin ordering temperature determined by elastic neu- 



tron scattering (T s) 



30 K for x = 0.12 



and 17 K 



for x = 0.05 |10|), ^SR and 139 La NQR (T spin - 15 K is 
the largest for x = 0.115 [18 25 ^JlTJ]). Perhaps remnant 



fluctuations of charge-stripes prevent spins from freezing, 
resulting in the glassy transition. The fact that T c h arge is 
much higher than T sp i n in La2-a;Sr x Cu04 may indicate 
that the charge-stripes are significantly disordered. The 
previously undetected phase boundary of charge-stripe in 
Fig. 3(b) explains why insulating (i.e. divergent) behavior 
of 63 1/Ti J341] and dc-resistivity |p5[ crosses over to metal- 
lic in the vicinity of the optimal superconducting phase 
x=0.15. These observations as well as recent neutron 
data [§] [||j Q are compatible with, but not necessar- 
ily a proof of, a viewpoint |3J,|36| that stripe fluctuations 
near x c = i have a connection with the mechanism of 
high T c superconductivity. Even if the stripe instabil- 
ity is actually disfavorable for superconducting pairing, 
the proximity between the quasi-static stripe phase and 
the canonical superconducting phase in Fig. 3(b) indicates 
that they are energetically very close. In any case, the 
implications of all earlier experiments reported for un- 
derdoped, superconducting La2- K Sr K Cu04 (j-? < x < |) 
during the past decade must be reassessed in light of our 
finding that there exist slowly fluctuating, quasi-static 
charge-stripes. 
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FIG. 2. Spin echo decay normalized by the Boltzmann fac- 
tor, (a) Lai. 8 75Bao.i25Cu04, and (b) Lai. 8 5Sr .i5CuO4 (•,■) 
and Lai.96Sro.o4Cu04 (V,0). Solid curves are the best fits 
to a convolution of Gaussian-Lorentzian (curved, both the 
Gaussian and Lorentzian time constants are taken as free pa- 
rameters) or a pure Lorentzian (straight lines). Notice that 
the NQR intensity, m(2£go-i80=0) decreases drastically below 
T c w 9 e=65K in Lai.87sBao.i25Cu04. 



FIG. 3. (a) The charge-stripe order parameter F at 10 K in 
La2- a; Sr :E Cu04. (b) The phase diagram of the charge-stripe 
order T c harge (*,°) and the superconducting critical temper- 
ature T c (■,□) in La2- :E Sr :E Cu04. Filled (open) symbols de- 
note the phase boundary with more (less) than 50% fraction. 



FIG. 1. (a) The wipeout fraction F of 63 Cu NQR 

in Lai.875Bao.i2gCu04 (a), Lai.4sNdo.4Sr .i2Cu04 (•), and 
Lai.68Euo.2Sro.i2Cu04 (x). The solid curve represents the 
fit to the BCS weak coupling theory with A = 115 K. 
The spin- (o) and charge-stripe (A) order parameter in 
Lai.48Ndo.4Sro.i2Cu04 [3] are also plotted, (b) The wipe- 
out fraction F in La2- a; Sr :E Cu04 for x= 0.125 (a), 0.115 (x), 
0.09 (•), and 0.07 (■). The curves are guides to the eyes. 
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